Only 23 in situ stress indicators were compiled by Hillis et al. (1998) for eastern Australia east of 147°30ЈE and north of 34°30ЈS. These comprised 13 data based on hydraulic fracture test measurements, seven on earthquake focal 
INTRODUCTION
The World Stress Map of Zoback (1992) , and the subsequent Australian Stress Map of Hillis et al. (1998) included relatively few data for eastern Australia. The latter compiled 23 stress analyses for the area between and including the Bowen and Sydney Basins. However, many additional stress data are available for eastern Australia, especially the Bowen and Sydney Basins, following an extensive program of hydraulic fracture testing and overcoring. These tests were undertaken to depths of in excess of 1 km by the CSIRO in the course of civil engineering, coal mining and coal-bed methane projects. They increase from 23 to 110 the number of in situ stress analyses available for the area between and including the Bowen and Sydney Basins. Hillis et al.'s (1998) Australian Stress Map comprised 357 stress analyses for the entire continent, hence these new data for eastern Australia represent a significant increase in our knowledge of the in situ stress field of Australia.
The Sydney Basin is one of Australia's most seismically active areas, whereas the Bowen Basin is relatively aseismic. The new in situ stress data are used to analyse whether relatively shallow in situ stress measurements are representative of the state of stress at greater, seismogenic depths and thus can reflect the differences in seismicity between the two areas.
Both the new and existing in situ stress data from eastern Australia are used to assess anew the extent to which plate boundary forces and other more local sources of stress are responsible for the stress field of the area. Modelling of stresses within the Australian continent due to plate boundary forces (i.e. ridge push, collisional boundary, subduction zone and basal drag) has broadly accounted for the observed regional stress orientations in western and central Australia (Coblentz et al. 1995 (Coblentz et al. , 1998 . However, regional stress orientations in eastern Australia have been less well matched by such modelling. Hence their origin can not be as readily attributed to plate boundary forces (Coblentz et al. 1995 (Coblentz et al. , 1998 Zhang et al. 1996) . Although plate boundary forces have a critical influence on the stress field of eastern Australia, it is necessary to consider a variety of sources of stress, and the different scales at which they operate, in order to understand the origin of the stress field of the area. mechanism solutions, and three on borehole breakouts. Zoback (1992) reviewed how in situ stress data are inferred from earthquake focal mechanisms and borehole breakouts.
The new data are from in excess of 1000 individual stress measurements undertaken by the CSIRO in the course of civil engineering, coal mining and coal-bed methane projects in eastern Australia. The measurements were undertaken to facilitate the planning (e.g. stability and ease of mining) of subsurface constructions and, in the case of coal-bed methane projects, to locate relatively low stress zones where coal-seam permeability is enhanced (Enever et al. 1994) . Although some subsets of these data have been published (Enever et al. 1994) , the data have not been previously compiled and published in their entirety as summarised herein (Table 1) . Only those measurements considered to be unperturbed by local site effects such as mining excavation or local topographic effects are incorporated here. The new data increase to 110 the number of stress analyses available for Australia east of 147°30ЈE and north of 34°30ЈS.
Hydraulic fracturing
Most of the new in situ stress data are based on hydraulic fracture testing. Enever (1993) comprehensively discussed the procedures applied by the CSIRO during 20 years of hydraulic fracture testing in Australia. An overview of the technique is presented here.
Hydraulic fracturing normally involves isolating a section of open wellbore with an inflatable straddle packer and increasing the fluid pressure in that section until a fracture is initiated at the wellbore wall (Figure 1 ). Fracture initiation requires that the fluid pressure within the wellbore exceeds the minimum stress concentration at the wellbore wall and any tensile strength of the formation. For a vertical fracture, the breakdown pressure (Pb, at which the fracture initiates) is given by:
where h is the minimum horizontal stress in the far-field (away from the stress concentrations effects of the wellbore), H maximum far-field horizontal stress, Pp pore pressure in the formation, and T the tensile strength of the formation, assuming no fluid penetration into the surrounding formation, or, in the event of fluid penetration, a poroelastic constant of unity (Haimson & Fairhurst 1967) .
A hydraulic fracture thus induced is generally oriented normal to the minimum principal stress. In the far-field, fluid pressure within the fracture is approximately in equilibrium with the minimum principal stress. After initiating the fracture, pumping is stopped and the system sealed to allow establishment of a shut-in pressure, i.e. the pressure when transient flow into the crack ceases (Figure 2 ). Provided the fracture is vertical and has propagated beyond the influence of the wellbore on the in situ stress field, the shut-in pressure can be equated to the magnitude of h.
Various methods can be used to define the shut-in pressure on the pressure-time plot, but the double tangent method illustrated in Figure 2 has been used in the tests presented herein (Enever 1993) . Once the shut-in phase is completed, the pressure in the test interval is vented to allow the fracture to close. The fracture is then reopened by once again increasing the pressure. The reopened fracture has no tensile strength, hence:
where Pro is the fracture reopening pressure. The reopening cycle is usually repeated at least once to establish a reproducible Pro and shut-in pressure (Figure 2) . Given that the shut-in pressure is equivalent to h, H can be determined using equations 1 or 2, for which Pb, Pro and Pp can be determined from the pressure-time plot (Figure 2) . The tensile strength (T), which is required if using equation 1, must be measured in the laboratory. Determination of H is generally less reliable than that of h, because the latter is taken directly from the pressure-time plots and the former requires additional assumptions regarding fracture formation associated with equations 1 and 2.
The orientation of the induced hydraulic fracture must be determined in order to ascertain the orientation of the stresses. An impression packer, fitted with a remotereading digital compass has generally been used to determine fracture orientation, and thus stress orientation, in the data presented herein.
In some of the test results presented herein orientation information has been obtained but equipment malfunctions or ambiguous pressure-time plots preclude magnitude data being derived. In other cases magnitude data are available, but the oriented impression packer system failed. Furthermore, on some occasions the pressure-time plots permit h but not H to be determined. Hence the variations in numbers of determinations of h, H and stress orientations in Table 1 .
Overcoring
Fewer of the new in situ stress data are based on overcoring than on hydraulic fracture testing (Table 1) . Only a very brief overview of the method is provided here. Worotnicki (1993) gave a detailed account of overcoring procedures using the CSIRO hollow inclusion cell. In general, overcoring is based on measuring the amount of expansion occurring in a pilot hole when a rock annulus surrounding the pilot hole is relieved of stress by being detached from the surrounding rock mass (Figure 3) . The preexisting stress can be calculated provided the elastic properties of the rock are known. In the CSIRO version of overcoring, the expansion is measured by gluing a thinwalled plastic cylinder containing a number of strain gauges (hollow inclusion cell) into the pilot hole. The recovered core, with the cell in place, is then loaded radially to measure the elastic properties required for stress determination. Figure 4 shows the new stress orientation data combined with the existing data of Hillis et al. (1998) . The new data have been compiled, quality ranked and plotted following World Stress Map procedures (Zoback 1992) . For the hydraulic fracture data, the results are plotted as the mean stress orientation from multiple tests in a single well. In order for the mean stress orientation in a well to be given the highest, A-quality, rank it must comprise four or more measurements displaying a standard deviation of Յ 12°at depths of >300 m. B-quality data comprise 3 or more orientations with a standard deviation of < 20°; C-quality is assigned to orientations with a standard deviation between 20 and 25°; while D-quality data are unreliable, comprising a single measurement from shallower than 100 m. E-quality data, in which no stress orientation information was obtained, are recorded in the database but not plotted. All the new overcoring data were ranked D-quality because detailed information on the number of measurements combined at individual locations and their associated standard deviations was not available. This represents a conservative quality raking of the new overcoring data.
Quality ranking the data
An A-quality ranking can only be given to hydraulic fracture or overcoring data obtained from > 300 m depth. At shallow depths the stress field can be dominated by the influence of surface/near-surface features, particularly topography. In situ engineering measurements such as those compiled herein often tend to be from relatively shallow depths that may not reflect regional or tectonic stresses (as opposed to deeper data based on earthquake focal mechanisms or breakouts in oil exploration wells). In this context, it is unusual and noteworthy that approximately half the hydraulic fracture and overcoring data presented here are from in excess of 300 m depth and thus have the potential to reflect regional or tectonic stresses (Table 1) .
IN SITU STRESSES IN EASTERN AUSTRALIA

Stress orientations
A statistical analysis of the stress orientations newly compiled from the CSIRO data was undertaken (see Appendix 1 for details of the statistical methodology). Individual orientations were analysed (as opposed to the mean orientations for each well listed in Table 1 and illustrated on Figure 4 ). Data were grouped into distinct subregions of approximately 100 km lateral scale within which groups of measurements are clustered. The mean stress orientation was determined for each subregion, along with the significance level of the mean orientation. Visual examination of the data from the Sydney Basin suggested that some regions displayed bimodal stress orientations ( Figure 5 ). Hence, if the unimodal mean stress orientation was not significant at the 99% level, the data were analysed for bimodality.
The north-northeast mean stress orientations in all four subregions of the Bowen Basin were shown to be unimodal at the 99.9% significance level. Furthermore, the mean stress orientations are similar (007-027°) in each of the four subregions. The suggests a consistency in stress orientation in the Bowen Basin both at the 100 km scale of the subregions analysed, and at the 500 km scale (the approximate north-south extent of measurements from the basin).
Stress orientations in the Sydney Basin were, however, found to be more variable than in the Bowen Basin ( Figure  4) , as witnessed by the standard deviations (Table 2) . Only the Sydney-Wollongong area displays a mean orientation Figure 3 Schematic illustration of the overcoring technique. (028°) that is significant at the 99.9% level. The Central Coast and Western areas exhibit mean orientations that are significant at the 99% level, but these mean orientations (057° and 108° respectively) are different from that displayed by the Sydney-Wollongong area. In the Hunter Valley area the unimodal mean stress orientation is not significant at the 99% level. Bimodal analysis was applied in the Hunter area and two peaks were recognised, one with a mean of Table 1 for details). 068°(53% of the data) and the other with a mean of 134°( 47% of the data). Each of these bimodal peaks is significant at the 99.9% level. Therefore it appears that in some areas of the Sydney Basin there is a significant unimodal mean stress orientation at the 100 km scale, but unlike the Bowen Basin there is no consistency at a scale greater than 100 km.
Stress magnitudes
In plotting the results of individual tests, stress magnitudes in the Bowen and Sydney Basins have been split into the same subregions as used for the orientation data ( Figures  6, 7) . In the following discussion stress magnitudes are described in terms of the associated fault condition, i.e.
. This designation refers only to the relative stress magnitudes and does not imply that the in situ stress data are consistent with failure (which is discussed in the following section). The overburden density in the two basins is assumed to be 2300 kgm -3 (equivalent to an overburden stress of 22.6 MPa/km or 1 psi/ft) on the the basis of density-log data.
In the Bowen Basin 80% of the data indicate that the fault condition in the uppermost kilometre of the crust is reverse, i.e. v is the minimum principal stress (Figure 6 ).
However, a significant number of measurements (17%) located in the Northern and Southern Bowen Basin regions indicate a strike-slip fault condition. A normal fault condition is only indicated by 3% of the measurements. The fault condition in the upper kilometre of the crust in the Sydney Basin appears even more predominantly reverse than in the Bowen Basin (90% of the measurements) (Figure 7) , with fewer data indicating a strike-slip fault condition (8%) than in the Bowen Basin, and only 2% of the data indicating a normal fault condition. Interestingly, the fault condition indicated by these relatively shallow data is broadly consistent with that implied by focal mechanism solutions in the Sydney Basin which sample seismogenic depths and indicate reverse fault mechanisms in three cases and strike-slip mechanisms in two.
IN SITU STRESS AND SEISMICITY IN THE BOWEN AND SYDNEY BASINS
The Sydney Basin is one of Australia's most seismically active areas, whereas the Bowen Basin is relatively aseismic (Figure 8 ). Seismicity in the Sydney Basin is, as in most intraplate areas, at relatively shallow focal depth. The seven earthquakes in the eastern Australian area for which focal mechanism solutions are recorded in the Australian Stress Map have estimated focal depths ranging from 2 to 21 km (mean of 10 km). Although the in situ stress data presented here are from shallower depth than the earthquake foci, it is interesting to investigate whether in situ stress data from the upper kilometre of the crust in these two areas reveal differences consistent with their different levels of seismicity.
A Mohr-Coulomb analysis of the propensity for failure in the two areas has been undertaken assuming Byerlee's (1978) Law which states that at normal stresses up to 200 MPa the shear stress required to cause sliding on a pre-existing fault is approximately 0.85 times the normal stress, i.e. the coefficient of sliding friction along an optimally oriented pre-existing plane of weakness, , is 0.85.
In the analysis the horizontal and vertical stresses measured in the CSIRO data are assumed to be principal stresses, as broadly supported by Worotnicki and Walton (1976), and have been normalised for depth (divided by v) in order to plot data from different depths on the same Mohr-Coulomb diagram (Figure 9 ). Planes represented by points lying above Byerlee's (1978) failure line are relatively unstable and prone to failure. Planes represented by points below the line are relatively stable. Whereas 41% of the in situ stress measurements in the Sydney Basin are indicative of failure assuming Byerlee's (1978) Law, only 13% are indicative of failure in the Bowen Basin. There appears to be some correlation between the shallow in situ measurements of stress and levels of seismicity in the two areas.
The simple Mohr-Coulomb analysis presented above assumes that pre-existing zones of weakness of no cohesion are present in the optimal orientation (i.e. with their normal oriented 65° to the maximum principal stress). Such suitably oriented pre-existing planes of weakness may not always be present. The structural history of the areas has resulted in planes of weakness with a preferential orientation in the two areas i.e. a predominant structural grain or grains exist in the Bowen and Sydney Basins. The above Mohr-Coulomb analysis was repeated with allowance for the structural grain of the areas. In the Sydney Basin the predominant structural grain was taken to be provided by shallow-dipping (20°) faults striking north-northeast (020°N), and in the Bowen Basin by steeply-dipping (70°) faults striking north-northwest (340°N). A number of different structural grains have been proposed for the Sydney Basin (Lohe & McLennan, 1991) , and the choice here is somewhat arbitrary. The Bowen Basin exhibits a better defined single structural grain than the Sydney Basin (Mallet et al., 1988; Lohe & McLennan, 1991) . Figure 10 shows the normal and shear stresses acting on planes of the above orientation, with 31% of data in the Sydney Basin indicating the dominant structural grain is prone to failure, whereas only 3% of data in the Bowen Basin indicate such. Hence with allowance for the structural grain of the areas, there remains a distinct correlation between the measured shallow stress in situ stresses and the levels of seismicity. Furthermore, the multiple structural grains of the Sydney Basin (Lohe & McLennan, 1991) may result in pre-existing planes of weakness optimally oriented for failure in multiple orientations, and thus the situation in the Sydney Basin may be better portrayed by Figure 9 . Thus the more complex structural fabric of the Sydney Basin together with higher levels of stress may play a role in the higher level of seismicity observed in the Sydney than in the Bowen Basin.
The apparent consistency between the in situ stress measurements and seismicity of the Bowen and Sydney Basins suggests that relatively shallow (300-1000 m) data of the type presented here may be representative of the state of stress at greater, seismogenic depth. We feel that further study of this correlation, at a variety of spatial scales is merited.
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IMPLICATIONS FOR THE ORIGIN OF REGIONAL STRESSES IN EASTERN AUSTRALIA Background
In many continental areas, such as mid-plate North America, South America and western Europe, the regional maximum horizontal stress orientation parallels the direction of absolute plate motion, and it has thus been inferred that the forces driving and resisting plate motion are primarily responsible for regional intraplate stress fields (Richardson 1992). Other sources of stress such as those due to lithospheric flexure and density contrasts may be superimposed on those due to plate boundary forces (Sonder 1990 ). At continental margins, both flexural stress due to sediment loading, and the density contrast between continental and oceanic lithospere, have been predicted to result in margin-normal extension in the continents, hence margin-parallel σ H (Bott & Dean 1972; Stein et al. In situ stress field, eastern Australia 821 1989). At the more local scale, stress orientations may be influenced by geological structures such as faults and periclines (Teufel 1991; Aleksandrowski et al. 1992) . Understanding the origin of the stress field of eastern Australia requires consideration of various possible sources of stress and the different scales at which they operate. Australia does not display a single, continent-wide stress orientation paralleling its north-northeast absolute velocity direction of the type seen in many other continental areas. Indeed, it has been suggested that the scatter of stress orientations in Australia may be due to 822 R. R. Hillis et al. stresses originating from plate boundary forces being relatively low (Zoback 1992) . However, there is a consistent regional anticlockwise stress rotation from broadly east-west in the western part of Australia to more north-south in the central part of the continent (Hillis et al. 1998) (Figure 11 ). This stress rotation has been successfully modelled as originating from plate boundary forces, by taking into account the unique complexity of the northeastern convergent boundary of the Indo-Australian Plate, specifically the role of stress focusing along the collisional Himalayan, New Guinea and New Zealand segments of the boundary (Coblentz et al. 1995 (Coblentz et al. , 1998 . However, even recognising the heterogeneity of the northeastern convergent boundary of the Indo-Australian Plate, modelling of intraplate stresses due to plate boundary forces has been less successful for eastern Australia than for western and central Australia. Indeed, in an attempt to find an alternative explanation for the origin of the stress field of eastern Australia, Zhang et al. (1996) suggested that a dominant, margin-normal maximum horizontal stress orientation in eastern Australia resulted from the gravity-induced body forces associated with the deep structure of the passive margin.
Bowen Basin
The regional north-northeast H trend in the Bowen Basin is oblique to the continental margin and presumably not controlled by stresses originating from continental margin effects. It is little affected by the more local structural grain of the area to which it is also oblique. The north-northeast H trend in the Bowen Basin persists over some 500 km (Figure 4 ). This stress orientation is consistent with the broadly north-south H orientation in the area predicted by a variety of plate boundary-force models (Coblentz et al. 1995 (Coblentz et al. , 1998 ). Hence we believe that plate boundary forces are the dominant control on stress orientation in the Bowen Basin. North-south-and northeast-southwest-oriented regional stresses are also seen in the Northern Territory, the Timor Sea and New Guinea (Figure 11 ). The rotation from broadly east-west orientations to north-south and northeast-southwest orientations in northern Australia and New Guinea is considered to be due to the focusing of stresses by the collisional New Guinea segment of the northeastern boundary of the Indo-Australian Plate.
Sydney Basin
The Sydney Basin does not exhibit a consistent, regional stress orientation. Hence plate boundary forces do not result in a single, predominant stress orientation within the area. There is also no evidence of a margin-normal H direction of the type predicted by the modelling of Zhang et al. (1996) based on the deep structure of the passive margin in the region. Indeed, much of the coastal data (Sydney-Wollongong and Central Coast) display an approximately margin-parallel H direction of the type predicted Figure 11 Australian stress map updated to include results presented in this paper.
on the continental side of continental margins by Bott and Dean (1972) and Stein et al. (1989) . Further west in the Sydney Basin (Figure 4) , and into the continental hinterland (Figure 11 ), there appears to be a poorly defined regional east-west H direction.
We interpret stress orientations in the Sydney Basin in terms of a regional east-west H direction upon which continental margin effects of the type described by Bott and Dean (1972) and Stein et al. (1989) are superimposed near the coastline. In the Hunter Valley area, where stress orientations are bimodal, local sources of stress such as density contrasts and faults appear to influence observed stress orientations. Enever and Clark (1997) demonstrated that local stress rotations in the Sydney Basin could be accounted for in terms of east-west and north-south stresses acting on rigid crustal blocks defined by the major geological structures in the area. However, the relatively local scale at which these processes appear to operate is beyond the resolution of the available stress/structural data.
Coblentz et al (1995, 1998) produced several models of stresses in the Australian continent/Indo-Australian Plate in which a variety of boundary forces (ridge push, collisional boundary, subduction zone and basal drag) were applied to the plate. Their results suggested that these plate boundary forces result in relatively low horizontal stress anisotropy (H -h) in eastern Australia compared to the rest of the continent, and indeed compared to the IndoAustralian Plate as a whole. If the stresses resulting from plate boundary forces result in low horizontal stress anisotropy, then relatively local sources of stress can more readily influence observed stress orientations (Zoback 1992) . The significant influence on stress orientation in the Sydney Basin by continental margin and local structural effects is consistent with a relatively low stress anisotropy due to plate boundary forces.
Southeastern Australia
South of the Sydney Basin, the Gippsland Basin and adjacent onshore area exhibit a well-defined northwestsoutheast H orientation (Figure 11 ). This is approximately normal to the margin and consistent with the predictions of Zhang et al.'s (1996) model for stresses originating from the deep structure of the continental margin. However, this northwest-southeast H orientation is also apparent in the Bass and Otway Basins (Figure 11 ) and, although not yet compiled in the Australian Stress Map, has been reported from breakouts in oil wells in the Duntroon Basin, offshore immediately south of the Eyre Peninsula, South Australia (Messent & Yacopetti 1997) . Hence there appears to be a significant southeastern Australian stress province in which H is oriented northwest-southeast. The northwest-southeast orientation appears little affected by the trend of the passive margin, which changes significantly throughout the province. We believe that plate boundary forces are the most likely control on stress orientation in a province of this scale, which is little influenced by structure even at the scale of the continental margin. Existing plate boundary force models (Coblentz et al. 1995 (Coblentz et al. , 1998 do not predict the northwest-southeast stress orientation seen in southeastern Australia and further modelling is required in order to take full advantage of these data and the new data presented here. Future modelling of stresses due to plate boundary forces should match the broad clockwise rotation of regional stresses from north-northeast in the Bowen Basin to east-west in the Sydney Basin to northwest-southeast in southeastern Australia.
Unimodal analysis
Directional data, such as stress orientations, can not be analysed using conventional linear statistics. Directional statistics must be used when analysing such data (Mardia 1972) . Since the azimuthal range (periodicity) of stress orientations is (0, ), the azimuths should be doubled before calculating the mean using the following equations. The calculated value must be halved to give the true mean azimuth.
The mean is calculated using the following equations:
where,
In the above equations is the azimuth of the observation, f is the frequency of a given azimuth and n is the total number of observations in the population.
The standard deviation about the mean azimuth is given by:
where azimuths are of range (0, 2/l). The azimuthal range of stress orientations is (0, ) hence here l ϭ 2.
The mean of a dataset is only significant if the data are not random. Rayleigh's Test determines whether a significant trend is present in the data. This involves comparison of the calculated R -value with critical values of R -. The null hypothesis is that there is no single preferred direction. If the null hypothesis was rejected at a 99% or greater significance level, then the data were considered unimodal. Data that were not considered unimodal, i.e. null hypothesis rejected at less than 99% confidence level, were analysed for bimodal trends using the technique outlined below.
Bimodal analysis
A bimodal analysis of each data set not considered unimodal was performed using two semi-circular normal distributions to approximate the data ( where ϭ (␣, ␥1, ␥2, 1, 2).
Once the optimal set of parameters was determined, Rayleigh's Test was performed on both semicircular normal distributions to determine whether they were significant. If the null hypothesis for both distributions was rejected at a 99% significance level or above, then the data were considered bimodal.
APPENDIX 1: STATISTICAL ANALYSIS OF DIRECTIONAL DATA
